We present ultrahigh vacuum ͑UHV͒ scanning tunneling microscopy/spectroscopy ͑STM/STS͒ and ultraviolet photoemission spectroscopy ͑UPS͒ measurements on ultrathin films of nickelphthalocyanine ͑Ni-PC͒ deposited onto clean Si͑111͒7ϫ7 substrates. STS spectra refer to a sample with 5 Å of Ni-PC nominal thickness. The current-voltage ͑I-V͒ measurements were taken at constant tip-sample separation showing high reproducibility at different nanometer size topographical features of the sample. In particular, three typical spectra have been repeatedly observed: ͑i͒ I-V curves with a slow increase of the current up to ϩ1.9 eV ͑I Ͻ 5 nA͒ where the current steeply increases ͑IϾ50 nA͒, ͑ii͒ highly noisy I-V curves symmetric with respect to the applied bias and, ͑iii͒ curves which show a marked rectifying behavior with negligible current ͑IϽ10 pA͒ at negative ͑sample to tip͒ voltages and steeply increasing current by applying a positive bias ͑IϾ50 nA for VϾ0.5 V͒. We explain the different electronic behaviors in terms of the different morphological features observed by means of simultaneous STM imaging ͑different Ni-PC crystallites height, and different Ni-PC molecular plane orientation with respect to the substrate͒ and starting from the density of states below the Fermi energy of the Ni-PC/Si͑111͒7ϫ7 interface as measured with UPS. The diodelike behavior observed is explained in terms of resonant tunneling of electrons from the tip through the PC layer to the silicon substrate, and also in terms of the intrinsic asymmetry of the tip/vacuum gap/Ni-PC/Si͑111͒7ϫ7 junction.
͑Received 2 October 1996; accepted 14 January 1997͒
We present ultrahigh vacuum ͑UHV͒ scanning tunneling microscopy/spectroscopy ͑STM/STS͒ and ultraviolet photoemission spectroscopy ͑UPS͒ measurements on ultrathin films of nickelphthalocyanine ͑Ni-PC͒ deposited onto clean Si͑111͒7ϫ7 substrates. STS spectra refer to a sample with 5 Å of Ni-PC nominal thickness. The current-voltage ͑I-V͒ measurements were taken at constant tip-sample separation showing high reproducibility at different nanometer size topographical features of the sample. In particular, three typical spectra have been repeatedly observed: ͑i͒ I-V curves with a slow increase of the current up to ϩ1.9 eV ͑I Ͻ 5 nA͒ where the current steeply increases ͑IϾ50 nA͒, ͑ii͒ highly noisy I-V curves symmetric with respect to the applied bias and, ͑iii͒ curves which show a marked rectifying behavior with negligible current ͑IϽ10 pA͒ at negative ͑sample to tip͒ voltages and steeply increasing current by applying a positive bias ͑IϾ50 nA for VϾ0.5 V͒. We explain the different electronic behaviors in terms of the different morphological features observed by means of simultaneous STM imaging ͑different Ni-PC crystallites height, and different Ni-PC molecular plane orientation with respect to the substrate͒ and starting from the density of states below the Fermi energy of the Ni-PC/Si͑111͒7ϫ7 interface as measured with UPS. The diodelike behavior observed is explained in terms of resonant tunneling of electrons from the tip through the PC layer to the silicon substrate, and also in terms of the intrinsic asymmetry of the tip/vacuum gap/Ni-PC/Si͑111͒7ϫ7 junction. © 1997 American Vacuum Society. ͓S0734-2101͑97͒04103-1͔
I. INTRODUCTION
Metal/metalphthalocyanine/metal ͑M/M-PC/M͒ and metal/insulator/metalphthalocyanine/metal ͑M/I/M-PC/M͒ junctions are extensively studied for their technological applications.
1,2 A typical characterization of such devices is by means of current versus voltage curves ͑I-V spectra͒ taken using macroscopic ohmic contacts: such curves are often highly asymmetric, this asymmetry being explained in terms of Schottky barriers ͑M/M-PC/M 1 ͒ or resonant tunnel-
Scanning tunneling microscopy/ spectroscopy ͑STM/STS͒ with its atomic resolution is an ideal tool to address nanometer size features for spectroscopic I-V measurements, and this potential turns out to be of particular interest in the study of deposited materials showing a marked anisotropy of their conductivity like PCs. 3 The phthalocyanine ͑in particular its copper derivative Cu-PC͒ is the very prototypical organic molecule studied with STM, 4 but only two combined STM/STS studies have been reported to date in the case of the Cu-PC/͑highly oriented pyrolitic graphite͒ ͑HOPG͒ interface. 5, 6 Pomerantz 5 reported a rectifying behavior in the measured I-V curves which was not confirmed by Mizutani and co-workers: 6 both experiments were performed in air. The M-PC/Si͑111͒7ϫ7 system has been investigated by two groups with STM in the case of the Cu-PC derivative. 7, 8 These two works mainly addressed individual molecular imaging issues without performing combined STS experiments.
In this article we show in situ ultraviolet photoemission spectroscopy ͑UPS͒ and STM/STS measurements over thin films of Ni-PC grown in ultrahigh vacuum ͑UHV͒ onto clean Si͑111͒7ϫ7 substrates: we propose a picture to comprehensively explain the experimental results obtained.
II. EXPERIMENT
The UHV experiments have been carried out in a multichamber system connected by means of magnetically coupled linear feedthroughs. The system allows in situ thin film evaporation, and further characterization with x-ray photoelectron spectroscopy ͑XPS͒, UPS, and STM/STS. The overall base pressure is ranging from 8 ϫ10 Ϫ11 Torr up to 2 ϫ10 Ϫ10 Torr in the different chambers. For the UPS measurements we used a conventional discharge He lamp taking spectra at both He I ͑21.2 eV͒ and He II ͑40.8 eV͒ incident photon energy. The half width at half-maximum energy resolution of the electron energy hemispherical analyzer has been estimated to be 0.09 eV. The in situ STM images have been taken with a combined commercial ͑Omicron GmbH͒ UHVatomic force microscope ͑AFM͒/STM. The dc electrochemically etched W tips from a 99.9% tungsten wire ͑0.25 mm diameter͒ were further annealed at 600°C in UHV for 2 h by means of indirect resistive heating of the tip holder. The STS spectra have been taken using the single point spectroscopy a͒ Electronic mail: ottaviano@axscaq.aquila.infn.it technique from Omicron GmbH ͑while scanning in STM mode the operator can take a I-V curve over a selected feature of the scanned image͒. I-V spectra took 20 ͑40͒ msec to record 200 ͑400͒ I-V points. As substrates, we used Si͑111͒ wafers n-type P doped from Goodfellow (ϭ1-10 ⍀ cm͒ 7ϫ7 reconstructed by repeatedly flash annealing the sample at 1100-1150°C ͑maximum pressure value during the annealing cycles 1.8ϫ10 Ϫ9 Torr͒. Commercial Ni-PC from Aldrich Chemical ͑85% dye content͒ put into a molybdenum boat has been purified in UHV by means of repeated heating cycles at 400°C. During evaporation on the substrates ͑kept at room temperature͒ the Ni-PC evaporation rate was approximately 0.6 nm/min. The pressure in the evaporation chamber prior to and during evaporation was 1 ϫ10 Ϫ10 Torr and 8 ϫ10 Ϫ9 Torr, respectively.
III. UPS AND STM/STS RESULTS
The electronic structure below the Fermi edge, of the Ni-PC/Si͑111͒7ϫ7 junction has been investigated by means of UPS varying the PC film nominal thickness. In Figs. 1͑a͒ He I, and 1͑b͒ He II, we report the UPS spectra, of clean Si͑111͒7ϫ7 ͑A͒, of the samples of 6.5 Å and 13 Å of Ni-PC nominal thickness deposited over Si͑111͒7ϫ7 ͓͑B͒ and ͑C͒, respectively͔, and of a bulk phase ͑130 Å͒ of Ni-PC deposited on graphite ͑D͒. Labelling of the spectra is consistent throughout the figure. Curves ͑C͒ and ͑D͒ have been calibrated upon superposition of the highest occupied molecular orbital ͑HOMO͒ level with the corresponding peak of curve ͑B͒. The binding energy scale in frames ͑a͒ and ͑b͒ refers to absolute values below the Si͑111͒7ϫ7 Fermi edge, whose position in the uncalibrated spectra, ͓see Figs. 1͑c͒ and 1͑d͔͒, has been accurately determined by means of a nonlinear least square fitting of the low binding energy tails of curves ͑A͒ and ͑B͒ of frame ͑a͒ to the Fermi-Dirac distribution function ͑we note that the very high fitting temperature values, expressed in eV, reported in the two frames account for both thermal and experimental resolution effects͒. Indeed, as evidenced in Fig. 1͑e͒ , the Fermi edge of curve ͑B͒, frame ͑a͒, is still visible despite the masking of the Ni-PC adlayers signal ͓XPS measurements over the same sample of curve ͑B͒ showed also a marked Si 2p signal from the substrate͔. We note that, if the chemisorption of the ad-molecules removed ͑or destroyed͒ the Si͑111͒7ϫ7 reconstruction, than the metallic nature of the substrate had to vanish. Thus, we have an indirect spectroscopic evidence of the persistence of the 7ϫ7 reconstruction upon adsorption of Ni-PC. Moreover, we reported elsewhere some direct STM evidences of this occurrence. 9 Up to 8 eV below the Fermi edge we observe five peaks characteristics of Ni-PC, their positions do not appreciably vary with increasing Ni-PC nominal thickness. Moreover, by using either He I or He II radiation, corresponding spectra in frames ͑a͒ and ͑b͒ do not show binding energy shifts. Thus, there are negligible final state effects in the high signal to noise ratio spectra taken by using He I. The Ni-PC peaks experimental position are reported in Table I together with the calculated electronic structure from Ref. 10 . The UPS data shown are worth a detailed analysis and discussion in comparison with ''all-electron'' theoretical band structure calculations, but this is not the main aim of FIG. 1. ͑a͒ and ͑b͒: He I (hϭ21.2 eV͒, and He II (hϭ40.8 eV͒, UPS spectra of, clean Si͑111͒7ϫ7 ͑A͒, Ni-PC/Si͑111͒7ϫ7 ͑6.5 Å Ni-PC nominal thickness͒ ͑B͒, Ni-PC/Si͑111͒7ϫ7 ͑13 Å nominal thickness͒ ͑C͒, and bare Ni-PC ͑HOPG substrate͒ ͑D͒; dot-dashed vertical lines in the two frames mark the Ni-PC UPS peaks of curve ͑B͒ of frame ͑a͒ ͑see corresponding values in Table I͒ . The binding energy scale is calibrated according to the Fermi edge position of the metallic Si͑111͒7ϫ7 substrate; ͑c͒ and ͑d͒: particular of the Fermi edge calibration relative to the low binding energy tails of curves ͑A͒ and ͑B͒ of frame ͑a͒; dashed, solid, and dotdashed lines are experimental data, fitting FD distribution functions, and difference curves between the experimental and fitting lines; the energy scale refers to binding energy values prior to calibration and opposite in sign; ͑e͒: magnification of the low binding energy tails of spectra ͑A͒ and ͑B͒ of frame ͑a͒; ͑f͒ ͑lower curve͒ surface DOS of the Si͑111͒7ϫ7 substrate, and ͑upper curve͒ simplified two level HOMO-LUMO Ni-PC DOS calibrated in energy with respect to the substrate Fermi edge. ͒. We observe that the LUMO level of Ni-PC lies close to resonance with the ϩ0.5 eV empty state which accurate STS studies showed as strongly localized at the twelve top layer adatoms of the Si͑111͒7ϫ7 surface unit cell. 12 On a Ni-PC/Si͑111͒7ϫ7 sample with nominal organic film thickness of 5 Å ͓similar to that one of curves ͑B͒ in Fig. 1͔ we performed in situ a STM/STS experiment whose results are summarized in Figs. 2, 3 , and 4. In Fig. 2͑a͒ we show the typical topography of the sample. The z colour scale of the image spans over approximately 50 Å. The growth mode is indeed far from homogeneous as reported at similar coverages in STM and x-ray absorption spectroscopy ͑XAS͒ experiments performed on Cu-PC/Si͑111͒7ϫ7. 7, 13 In these works the authors show that at the initial stage of deposition Cu-PC adsorbs with the molecular plane parallel to the substrate. At higher coverages an ␣-like growth mode takes place with the molecular stacking b axis parallel to the substrate: 13 the molecules align into flat-lying columns parallel to the substrate, with the molecular plane almost perpendicular to it. Looking at frames ͑a͒ and ͑b͒ this latter kind of growth is likely in the right half region of the scanned frame. In facts in that region we observe that in ͑a͒ the topographic features are in the high z range, i.e., high coverages at which the mentioned growth mode takes place. Moreover in ͑b͒ the current topograph shows in the corresponding area a very noisy current signal with a low average value ͑yellow level͒, and this low conductivity is also in agreement with our growth model. In facts we know from Ref. 3 that in M-PCs organic crystals, electrons mainly flow through the characteristic columnar PC stacks; thus, if these ad-columns are flat-lying to the substrate, it is likely that they bear as an insulating layer. In a closer ''tunneling'' picture, looking at the HOMO and LUMO orbitals of M-PCs as a superposition of p z orbitals at each carbon site, 14 we have a low overlap of these orbitals with the tip wave function, in the case of the slight perpendicular adsorption mode (z axis of these orbital parallel to the substrate͒, while, in the case of planar adsorption, the p z lobes are protruding perpendicularly to the substrate and the overlap is significantly higher.
In the left half region of the scanned area there are three main topographic features that are characterized by different heights and a different average current: ͑i͒ an island showing insulating behaviour ͑lower left corner, *A͒, ͑ii͒ a low terrace with stable current around 100 pA ͓red area in the lower left region of ͑b͔͒, and ͑iii͒ a protruding island with an higher average current also stable and with low noise ͓green in ͑b͔͒. The latter island is likely to be a Ni-PC island showing high conductivity ͑a columnar crystallite grown perpendicular to the substrate͒. The average height difference between this island and the lower terrace ͓red in ͑b͔͒ has been estimated to be approximately 3 nm.
Over the scanned area we performed single point spectroscopy I-V curves at the selected locations indicated with stars and letters in the two frames of Fig. 2 . The corresponding I-V curves are reported in Figs. 3 and 4 . The inset of Fig.   FIG. 2 . UHV STM image of 5 Å nominal deposit of Ni-PC over a clean Si͑111͒7ϫ7 substrate: 300ϫ300 nm 2 frame taken at a gap voltage V gap ϭϪ1.6 eV and a tunneling setpoint current of 0.2 nA. The feedback loop gain values was chosen in order to image in a mixed configuration between constant height and constant current mode. Complemental information is thus available from the two recorded channels: height topograph ͑a͒, and current topograph ͑b͒. Negative values in the vertical scale of frame ͑b͒ refer to current values measured at a negative setpoint voltage. The starred locations over the two frames mark within an accuracy of 20 nm the sites where single point I-V spectra were repeatedly taken during usual scanning. Stars are also labelled with letters in ͑b͒ corresponding to the labels of the I-V spectra shown in Figs. 3 and 4. 3͑A͒ shows for reference a I-V spectrum taken over bare Si͑111͒7ϫ7. Spectra labelled A, B, C, D, E, F, G, and H result from the average of 4, 3, 3, 3, 3, 4, 9, and 5 single I-V curves, respectively. The curves have been taken in sequence moving from one selected site to the other but high reproducibility of the features, typical of each site, were observed by coming back to previous sites and newly performing I-V spectra. The presence of piezo driver hysteresis effects reduce the real accuracy in addressing the same location with two distinct I-V runs within few nanometers. For this reason each set of I-V curves has seemingly been taken within a radius of 20 nm around the location labelled with a star. Let us briefly comment on those spectra: curve ͑A͒ shows negligible current throughout the whole scanned V range, curves ͑B͒, ͑C͒, and ͑D͒ show a marked rectifying behaviour ͓low current at negative voltages, and current above the saturation limit of the AD converter of the STM ͑50 nA͒ at positive voltages greater than 0.5 V͔, curves ͑E͒ and ͑F͒ are both symmetric and highly noisy, curve ͑G͒ shows a smooth increase in the tunneling current up to 1.9 eV where it abruptly ͑and noisily͒ increases, the same abrupt increase is observed in curve ͑H͒ which, on the other hand, shows negligible current up to the onset value. We point out that the rectifying behavior reported in curves ͑B͒, ͑C͒, and ͑D͒ was confirmed by other I-V measurements performed in other scanned regions of the same sample.
IV. DISCUSSION
The STS spectrum at ͑A͒ has probably been taken over an insulating Si-C island. The coalescence of surface contaminants into such islands upon annealing of silicon single crystal substrates is reported in various studies ͑see for instance Ref. 15͒. The STS spectra taken at the ͑E͒ and ͑F͒ sites confirm our hypothesis that an ␣-like growth locally took place: the molecules are slightly perpendicular to the substrate, the Ni-PC layer conductivity along the tunneling junction is very little, and the resulting tunneling spectra are symmetric, highly noisy curves with a low average current.
Let us now focus our attention on the spectra that show the rectifying behavior. This result seems much more puzzling and intriguing. In Fig. 5 we show the derivative of the ͑B͒, ͑C͒, and ͑D͒ spectra. At zeroth order the dI/dV vs V curve of an I-V STS spectrum is a direct measure of the local DOS ͑LDOS͒ of the sample, 16 and we observe that our experimental LDOS shows a unique feature peaked at 0.4 eV ͓0.5 eV in the case of spectrum ͑B͔͒ that, according to our UPS measurements and Ref. 10 , can be directly related to the Ni-PC LUMO level ͓see Fig. 1͑f͔͒ . Direct comparison of UPS and STS results on semiconductor surfaces is not always straightforward. STS measures the top layer electronic DOS while UPS information is carried by photoelectrons also coming from sublying layers. The pinning of the Fermi level can thus induce energy shifts from UPS and STS features which are rather unpredictable, but fortunately, in the case of the Si͑111͒7ϫ7 surface, because of its metallic nature, UPS vs STS comparison makes sense. 12 But which is the reason for the rectifying behavior?
We used a n-type silicon wafer, and we recall that Ni-PC acts as a p type semiconductor after doping with oxidizing agents. Thus, the occurrence of a p -n type junction rectification could be claimed, but this would be a very trivial argument because, simply, in that case we should expect a reversed rectification. Let us consider, instead, the model proposed in Ref. asymmetry in the structure of the junction, where the M-PC layer adheres close to one electrode and is separated from the other one by an insulating gap, is seemingly thought to be the origin of the I-V asymmetry. The key-point is the resonance of the Fermi level of the positively biased electrode with the LUMO level of the metal phthalocyanine. A slight positive bias of the adsorbate covered electrode with respect to the opposite one is sufficient to bring the Fermi electrons of the latter in resonance with the * orbitals of M-PC, while, at reverse bias, resonance with the LUMO level has to occur with the Fermi electrons of the adsorbate covered surface itself and thus, a higher reverse bias voltage must be applied. We note that, the similarity of our system with the above mentioned one is straightforward: we have two metal electrodes ͓the W tip and the Si͑111͒7ϫ7 surface͔, an insulating layer ͑the vacuum gap͒ and a thin layer of M-PC deposited onto one of the two electrodes. In Fig. 6 we depict a tentative energy versus distance diagram of the junction. The vacuum gap is reasonably assumed to be 1 nm ͑this is a typical value when imaging with the STM at low current setpoints͒ while the Ni-PC layer is assumed to be 0.34 nm thick ͑3.4 Å is the typical PC/PC planar distance in both the two most common polimorphs, ␣ and ␤, of Ni-PC͒. Let us call ⌬ the energy gap between the LUMO level and the substrate Fermi edge, d the vacuum gap width, l the Ni-PC effective thickness, V f and V r the resonance threshold voltages at positive and negative sample bias respectively; then, in the simple picture where the gap potential is thought to linearly decrease between the two metal electrodes, V f and V r are given by:
V r ϭ⌬͑dϩl ͒/l. ͑2͒
According to this simple model and to our reasonable estimates of d and l we expect V f ϭ0.5 V and V r ϭ1.6 V. Thus, reasonably assuming a PC monolayer adsorption, our picture could at least qualitatively explain our observed rectification. At forward bias the rectification effect is reasonably enhanced by the fact that actually at 0.5 V positive bias voltage three levels are in resonance: i.e., the W tip Fermi level, the Ni-PC LUMO level, and the 12 adatom empty state at 0.5 eV above E f of the Si͑111͒7ϫ7 surface. At negative bias, a probably more accurate estimate of the V r value should be of 2.2 eV. In facts, in Eq. ͑2͒, the value of ⌬ϭ0.4 should be increased up to 0.55 eV in order to take into account that the Si͑111͒7ϫ7 surface DOS below the Fermi edge becomes significative only at Ϫ0.15 eV ͑energy position of an occupied adatom state͒. Indeed, the opening of a shallow channel at Ϫ1.9͑2͒ V as clearly shown in the STS spectra ͑C͒ and ͑D͒ ͑Fig. 3, insets at negative voltages͒ could be ascribed to such a tunneling of electrons from the HOMO level of Ni-PC into empty states of the W, the substrate playing the role of a metallic reservoir ͓Fig. 6͑c͔͒. In terms of current density values, the latter tunneling phenomenon is two orders of magnitude lower than the corresponding one occurring at positive voltages ͓Fig. 6͑b͔͒. Indeed in the potential versus distance curve we are neglecting image charge effects 17 and the agreement with our model predictions and the experimental data cannot be but qualitative. Moreover, the finite radius of curvature of the probe tip introduces itself a smooth rectifying effect in the same sense observed, by lowering ͑enhancing͒ the barrier height at positive ͑negative͒ bias voltages. 16 Anyway we calculated the barrier height reduction to be within 0.08 of the total barrier height up to a radius of curvature of Ϸ 10 Å ͑typical of very sharp tips yielding atomically resolved images͒, thus too small to explain by itself alone our sharp rectification.
Our model seems to also be confirmed by the I-V curves ͑G͒ and ͑H͒ of Fig. 4 . At those locations there is an island 3 nm higher than the terrace showing the ͑B͒, ͑C͒, and ͑D͒ type rectifying effect. Then, substituting lϭ3 nm in the V f formula we have V f ϭ1.6 V, which is in rough agreement with the experimental value of 1.9 V for the onset of high current in the ͑G͒ and ͑H͒ spectra. It seems thus qualitatively confirmed that the main reason of the asymmetry is resonance with the topmost layer of Ni-PC. The derivative of curve ͑G͒ of Fig. 4 is reported with the corresponding label in Fig.  5 . Besides the clear onset of resonant tunneling at 1.9 eV, at lower voltages in the derivative spectrum there are some minor features that have been reported magnified in the two upper-left insets of Fig. 5 . At negative and positive voltages there are humps whose energy positions are in good agreement with reported STS measurements over clean Si͑111͒7ϫ7. 12 Thus, below the resonant tunneling threshold, the high signal to noise ratio I-V curve ͑G͒ of Fig. 4 has allowed detection of the substrate STS features.
V. CONCLUSIONS
We reproducibly obtained highly asymmetric STS spectra on the Ni-PC/Si͑111͒7ϫ7 interface, with negligible current at negative bias and abruptly increasing at ϩ0.4 V. UPS measurements on the same system and comparison with theoretical band structure calculation of Ni-PC from literature allowed us to assign this threshold value to a resonant tunneling effect of Fermi electrons tunneling elastically from the W tip through the Ni-PC LUMO level into the ϩ0.5 eV adatom empty state of the Si͑111͒7ϫ7 substrate. The rectifying behavior is seemingly due to the geometrical asymmetry of the junction which resemble at a nanometer level previously studied M/I/M-PC/M macroscopic devices showing similar I-V features.
